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Abstract: A rather high Higgs mass, mh ' 126 GeV, suggests that at least a part of the
supersymmetric spectrum of the MSSM may live beyond O(1 TeV) and hence inaccessible
to the LHC. However, there are theoretical and phenomenological reasons supporting a
possibility that charginos and neutralinos remain much closer to the electroweak scale. In
this paper, we explore such a scenario in the light of recent Higgs measurements, mainly
its di-photon decay rate, where the data might indicate a slight excess over the SM pre-
diction. That excess could be fitted by the contribution of light charginos provided tanβ
is low to moderate, a possibility that is receiving much attention for other theoretical rea-
sons. We investigate the implications of this scenario for other observables, such as dark
matter constraints, electroweak observables and experimental signals at the LHC, like di-
lepton, tri-lepton and same-sign dilepton. An important part of the models survive all the
constraints and are able to give positive signals at LHC-14TeV and/or XENON1T.
Keywords: Supersymmetry Phenomenology, Hadronic Colliders, Higgs Physics, Cosmol-
ogy of Theories beyond the Standard Model
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1 Introduction
The evidence obtained by ATLAS [1] and CMS [2] of the Standard Model (SM)-like Higgs
boson with mass mh ' 126 GeV has deep implications for supersymmetry (SUSY). As
it is well known, such a value is causing a tension with naturalness within the minimal
supersymmetric standard model (MSSM) since it requires the stop sector to be quite heavy
on average (typically well above 1 TeV unless the stop mixing is close to the maximal value),
thus suggesting that the mass scale of SUSY particles could be substantially higher than
expected from fine-tuning arguments. Actually, if all the supersymmetric particles have
masses of the same order as the stop average, then SUSY is essentially decoupled from
all the low-energy observables, including Higgs production and decay. In that unfortunate
instance, it will be very challenging to detect such SUSY at the LHC. In fact, this is already
the most likely situation for the constrained MSSM [3–9], i.e. assuming universality of soft
terms at a high-scale.
The prospects become much more interesting if some supersymmetric states remain
sufficiently light. This is not just wishful thinking, there are theoretical and phenomeno-
logical arguments pointing out to this possibility. First of all, it is highly desirable that
the fermionic partners of the SM particles are around the TeV range in order to keep
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the successful gauge unification that occurs in the MSSM. Besides, one of those fermionic
states, the lightest neutralino, is an excellent candidate for Dark Matter (DM), provided
it is not too far from the weak scale1. These arguments go in the direction of a split-
SUSY-like scenario [11, 12], though the scalar particles do not need to live at an extremely
high scale. Incidentally, a spectrum with heavy sfermions avoids potential flavour violation
problems. In a scenario of this kind one can keep the hope of detecting SUSY either in a
direct way (production of neutralinos, charginos and maybe gluinos) and/or in an indirect
one, by measuring deviations of Higgs couplings from SM values. In the latter case, it is
remarkable that all the current production and decay data about the Higgs boson are so
far consistent with the SM values [1, 2], although the uncertainties are still large and some
of the measurements are not centered at the corresponding SM prediction. So there is still
room for non-decoupled new-physics to be unveiled in the future. In this spirit, probably
the most interesting observable is still the Higgs decay into two photons.
Last reported analyses of ATLAS and CMS on h → γγ Higgs decay events, though
consistent with each other within 2σ, show a different level of agreement with the Standard
Model (SM). While ATLAS continues to observe a ∼ 2σ excess over the SM prediction [13],
CMS has become consistent with it within 1σ [14]:
ATLAS : σ/σSM = 1.65
+0.34
−0.30 ,
CMS(1) : σ/σSM = 0.78
+0.28
−0.26 (MVA mass− factorized),
CMS(2) : σ/σSM = 1.11
+0.32
−0.30 (Cut− based). (1.1)
One can attempt to combine these results using the principle of maximum likelihood as
“best estimator”. Then,
ATLAS− CMS(1) : σ/σSM = 1.14± 0.20 ,
ATLAS− CMS(2) : σ/σSM = 1.37± 0.22 , (1.2)
where we have averaged the positive and the negative uncertainties to perform the combi-
nation.
Obviously we cannot know the future evolution of the ATLAS and CMS central values
as statistics increases. It is very likely that both, and thus the combined result, will continue
converging towards the SM. But if the excess persists, with smaller uncertainties, it would
become a possible indication that the Higgs boson is not exactly the SM one. In that case
(non-decoupled) SUSY would be a most natural framework to explain the discrepancies.
Since, up to now, the Higgs production rate and the Higgs decay in other channels seem
to be quite consistent with the SM expectations, the new contributions should essentially
affect only h → γγ (and maybe other not-yet well measured decay modes). Then within
SUSY, the natural sources of the h → γγ enhancement arise from one-loop contributions
involving charged Higgses, staus or charginos. These possibilities have been considered in
the literature long ago, see e.g. refs. [15–20].
1For an early analysis in this context, see [10].
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Obviously, in the context of heavy sfermions, the chargino contribution appears as the
only viable one.2 The chargino enhancement of h→ γγ has been reported to be < 10% for
usual values of the supersymmetric parameters (this was too small for the previous excess
reported by ATLAS and CMS [21, 22]), unless one goes to extended scenarios beyond the
MSSM [23]. However, the chargino contribution incresases for lighter charginos and low
tanβ. As we will see, there are narrow regions of the MSSM parameter-space where the
enhancement in the h → γγ rate is up to 25%, and wider regions leading to a substantial
increase around 10–20%. Hence, if the h→ γγ excess persists in the future at values similar
to those of eq. (1.2), with reduced uncertainty, the chargino contribution might become a
very natural way to explain it. On the other hand, the DM implications of such a scenario
have not yet been explored, as well as its possible LHC signals.
The main goal of this paper is to study these items in detail, i.e. to explore to which
extent the contribution of charginos to h → γγ can enhance substantially the signal and
if the corresponding parameter space is consistent with other experimental bounds coming
from DM, e.g. PLANCK [24] measurement of the relic density and XENON [25] bound
on direct detection, as well as with present bounds on the invisible decay width of the
Higgs [26–30] and with electroweak observables. We will also investigate the possible signals
of this kind of scenario at the LHC and thus the present constraints and the prospects of
being tested in the future. Furthermore we discuss the opportunities of this framework to
be discarded or discovered by experiments of direct DM detection, as XENON1T.
Interestingly, scenarios of low tanβ used to be considered as disfavoured by naturalness
arguments. Since the tree level Higgs mass goes like m2h ∼ M2Z cos2 2β, an O(1) value of
tanβ requires large radiative corrections to reproduce the Higgs mass above 114 GeV. Such
large radiative corrections require at least one heavy stop, which in turn communicates to
the Higgs mass-parameters via RG equations, making the EW breaking process fine-tuned.
However, the actual Higgs mass, mh ' 126 GeV, is so high that essentially any MSSM
scenario will require heavy stops and thus fine-tuning. This fact has re-opened the small
tanβ regime as an interesting one, since possibly it is not qualitatively worse than the
large tanβ one; see the recent discussion in ref. [31]. Actually, although the low tanβ
regime certainly requires heavier stops (for the extreme case tanβ = 1 their masses should
lie at 106−10 GeV), on the other hand it presents some attractive features. As shown in
ref. [32], O(1) tanβ values are favoured when the supersymmetric particles are very heavy,
amusingly because they amount to much less fine-tuning. The string-theoretic motivations
for such low tanβ have been recently discussed in ref. [33]. Clearly, the fact that this
scenario can provide a positive signal in h→ γγ adds interest to this possibility.
In section 2 we recapitulate SM and SUSY contributions to h → γγ decay and study
in detail the chargino impact. In section 3 we introduce representative benchmark models
giving a sizeable contribution to the Higgs decay, consistent with LEP limits. Section 4
is devoted to the analysis of dark matter bounds in each of the benchmark scenarios. In
2 The possibility of a substantial stau-contribution was considered in detail in ref. [17], where it was
shown that one can get a considerable excess in h→ γγ provided the staus are close to their present LEP
lower limit (85-90 GeV) and tanβ is very large. In addition, such a scenario is consistent with the observed
DM relic density, provided the LSP neutralino is a few tens of GeV lighter than the light stau.
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section 5 we evaluate the predictions for the S, T, U parameters. Finally, in section 6 we
study direct LHC searches of SUSY-EW particles and conclude in section 7.
2 Charginos and h→ γγ
2.1 h→ γγ in the SM
The formulation of the SM contribution to h→ γγ can be found e.g. in ref. [18]. It comes
essentially from W -bosons and heavy fermions running inside the loop through which the
Higgs decays. The expression for the decay rate is:
Γ(h→ γγ) = Gµ
128
α2m3h√
2pi3
∣∣∣∣∣∣
∑
f
NcQ
2
fA
h
1/2(xf ) +A
h
1 (xW )
∣∣∣∣∣∣
2
≡ Gµ
128
α2m3h√
2pi3
|AhSM |2 , (2.1)
where the form-factors of spin-1/2 and spin-1 particles are given by
A h1/2(x) = 2[x+ (x− 1)f(x)]x−2 ,
A h1 (x) = −[2x2 + 3x+ 3(2x− 1)f(x)]x−2 , (2.2)
with the loop functions defined as
f(x) =

arcsin2
√
x x ≤ 1
−1
4
[
log
1 +
√
1− x−1
1−√1− x−1 − ipi
]2
x > 1
and xi ≡ m2h/4M2i , with i = f,W .
2.2 Supersymmetric contributions to h→ γγ
In SUSY, the previous SM expression for Γ(h→ γγ) is slightly altered due to modifications
in the couplings of the lightest Higgs to the SM particles. In addition there appear new
supersymmetric contributions from decay diagrams involving charged Higgses, charged
sfermions or charginos. We use here the formulation expounded in ref. [19], namely:
Γ(h→ γγ) = Gµ
128
α2m3h√
2pi3
∣∣∣∣∣∣
∑
f
NcQ
2
fghffA
h
1/2(xf ) + ghWWA
h
1 (xW ) (2.3)
+
M2WλhH+H−
2c2WM
2
H±
A h0 (xH±) +A
h
SUSY
∣∣∣∣2
where the SM-like couplings in eq. (2.1) are now modified by additional prefactors ghff ,
ghWW ,
ghu¯u = cosα/ sinβ, ghd¯d = − sinα/ cosβ, ghWW = sin(β − α) . (2.4)
Here α is the mixing angle of the two CP-even neutral Higgses and tanβ is the ratio of the
two Higgs VEVs, tanβ = 〈Hu〉/〈Hd〉. In the so-called “decoupling limit” (for the Higgs
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Figure 1. Feynman diagram of chargino one-loop contribution to the h→ γγ process.
sector), where the pseudoscalar mass is large, mA  mh (as happens in our analysis), one
simply has tanα ≈ −1/ tanβ, so the SM contribution remains essentially the same. The
contribution of the charged Higgses is proportional to the λhH+H− coupling,
λhH+H− = cos 2β sin(β + α) + 2c
2
W sin(β − α) , (2.5)
and to the scalar form-factor of the interaction,
A h0 (x) = −[x− f(x)]x−2 . (2.6)
The rest of the SUSY contributions come from the chargino and sfermion loops and are
collected in the AhSUSY piece,
AhSUSY =
∑
χ±i
2MW
mχ±i
ghχ+i χ
−
i
A h1/2(xχ±i
) +
∑
f˜i
ghf˜if˜i
m2
f˜i
NcQ
2
f˜i
A h0 (xf˜i)
≡ Ahχ± +Ahf˜ . (2.7)
We will focus now on the chargino contribution, which arises from the diagram shown in
figure 1. Note that the coupling of the Higgs to the charginos requires that the latter are
a non-trivial mixing of the wino and Higgsino components. The coupling of the Higgs to
the charginos is given by:
ghχ+i χ
−
i
= gL
hχ+i χ
−
i
PL + g
R
hχ+i χ
−
i
PR,
=
1√
2
(− sinαVi1Ui2 + cosαVi2Ui1) , (2.8)
where U, V are the (unitary) chargino mixing-matrices, satisfying
U∗mχ±V † = diag(mχ±1 ,mχ±2 ) (2.9)
and mχ± is the chargino mass matrix
mχ± =
(
M2
√
2MW sinβ√
2MW cosβ µ
)
.
For real values of M2 and µ, as we are assuming here, both U and V are orthogonal. Then
gL
hχ+i χ
−
i
= gR
hχ+i χ
−
i
, thus the simplified expression in the second line of eq. (2.8).
The parameters involved in the chargino mass matrix, i.e. M2, µ and tanβ, are con-
strained by the present LEP bound on the lightest-chargino mass, namely mχ±1
& 104
GeV [34]. As can be seen in figure 2, the smaller the value of tanβ the stronger the
corresponding limits on M2 and µ.
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Figure 2. Contour plot in the M2, µ plane giving mχ±1
= 104 GeV, for tanβ = 1, 2, 5, 10 and
25, shown in black (upper line), red, orange, green and blue (lower line), respectively. For every
contour, the region to the left gives smaller (thus ruled-out) values of mχ±1
.
2.3 The size of the chargino contribution
In the present analysis we assume that the sfermion and the charged Higgs sectors are heavy
enough not to affect in an appreciable amount the supersymmetric loop contribution to
h → γγ, so that the latter is dominated by the chargino contribution. As mentioned
in the Introduction, this is a quite plausible possibility since, as it is well-known, the
rather large Higgs mass, mh ' 126 GeV, requires heavy stops, mt˜ >∼ 1 TeV. Hence, if
the MSSM under consideration incorporates universality of scalar masses, clearly all the
sfermion contributions to h→ γγ are negligible. Certainly, allowing for non-universality of
scalar masses opens the possibility of increasing h → γγ substantially without modifying
appreciably the Higgs production thanks to the contribution of light staus, provided tanβ
is very large [17]. In contrast, for a substantial chargino contribution the requirements are
different: one needs a rather light chargino and moderate-to-low values of tanβ. Thus, it
is unlikely that the sfermion and the chargino contributions co-operate to increase the rate
of h → γγ in a relevant way. The supersymmetric contribution is only important when
either one or the other source is dominant.
In our scenario, the contribution of charginos to h → γγ, Ahχ± , is the only relevant
contribution to the AhSUSY term of eqs. (2.3) and (2.7). Thus
Γ[h→ γγ] = Gµ
128
α2m3h√
2pi3
|AhSM +Ahχ± |2 . (2.10)
The sign of Ahχ±can be the same as the A
h
SM term. This occurs in particular when
both M2 and µ have positive sign.
3 Let us explore now for which region of the relevant
supersymmetric parameters, i.e. M2, µ and tanβ, can A
h
χ± have a substantial impact on
the total.
3For M2 > 0, µ < 0 the interference between wino and Higgsino components becomes negative, leading
to suppression of the h→ γγ decay.
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Figure 3. Chargino enhancement of the h→ γγ rate, rχ± , eq. (2.11) vs. µ. Left: fixing M2 = 200
GeV while varying tanβ to 1, 2, 5, 10 and 25, shown in black (upper line), red, orange, green, and
blue (lower line). Right: fixing tanβ = 1 while varying M2 to 120, 135, 150, 170 and 200 GeV, in
the same colour order. The curves are cut-off when they conflict the LEP limit mχ±1
& 104 GeV.
Figure 3 shows the dependence of the enhancement rate,
rχ± ≡
∣∣∣∣∣A
h
SM +A
h
χ±
AhSM
∣∣∣∣∣
2
, (2.11)
with µ, for different choices of tanβ and M2. The LEP bound on the lightest chargino
mass has also been included in the plots. Clearly, lower values of tanβ and M2 favour large
chargino contributions, in particular the maximum is reached for tanβ = 1 [23]. Figure 4
shows the regions in the µ–M2 plane where rχ± ≥ 1.05, 1.1, 1.2, i.e. more than 5%, 10%
and 20% enhancement, for tanβ = 1, 3, 5. As mentioned above, the chargino contribution
decreases quickly with increasing tanβ, so the rχ± ≥ 1.2 region disappears for moderate
values of tanβ, though the interesting rχ± ≥ 1.1 region remains.
The point in the MSSM parameter space that presents maximum enhancement, con-
sistent with the LEP lower bound on the chargino mass, mχ±1
≥ 104 GeV, corresponds to
tanβ = 1, µ = M2 ∼ 185 GeV, giving rχ± ' 1.23.4 On the other hand, the maximum
tanβ allowing for rχ± ≥ 1.1 is tanβ ∼ 5 with µ and M2 around 165 GeV.
3 Representative models
Here we define five representative models to illustrate the DM and LHC phenomenology
of the regions of the MSSM parameter space where a relevant enhancement of the h→ γγ
rate takes place (see figure 4).
4As we will see in the next section, if the bino-mass parameter, M1, is large, then there is a quasi-
degeneracy between the lightest chargino and neutralino. In that case, the LEP lower bound for m
χ±1
decreases till ∼ 95 GeV [34], so that the choice tanβ = 1, µ =M2 = 175 GeV is allowed. Such model leads
to a 28% enhancement of h→ γγ, which would be the absolute maximum in the MSSM.
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Figure 4. Regions in the µ–M2 plane for which rχ± ≥ 1.05 (blue), rχ± ≥ 1.10 (red) and
rχ± ≥ 1.20 (black) for tanβ = 1, 3, 5.
Model #1
This model is defined close to the above-mentioned point of maximum h → γγ enhance-
ment, namely
tanβ = 1, µ = M2 = 185 GeV . (3.1)
The corresponding chargino masses and the enhancement of h→ γγ are
mχ±1
= µ−mW = 105 GeV, mχ±2 = µ+mW = 265 GeV , rχ± ' 1.23 . (3.2)
Note that the lightest chargino is close to the LEP bound (104 GeV).
The fact that tanβ is small demands large radiative corrections to reproduce the
measured Higgs mass. Namely, one needs stop masses around 106−10 GeV [35, 36] (the
magnitude depends on the size of the stop-mixing parameter, the precise value of the
top mass and the size of the gluino mass). Thus the model is reminiscent of split-SUSY
models, where the supersymmetric fermionic spectrum is much lighter than the scalar one.
Obviously, such a scenario cannot be considered “natural” in the sense of non-fine-tuned
EW breaking. However it can be natural in a more generic sense, in particular in landscape
scenarios and the like. Models of this kind have been recently considered in ref. [32], where
tanβ = 1 arises as the most natural value.
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Note that the phenomenology associated to the chargino and neutralino sectors in this
kind of scenarios (reviewed in section 6) may be the only hope to discover them at the LHC
or XENON (with the possible exception of gluino detection if the gluino is also light).
Models #2, #3, #4
These models are representative of small tanβ and heavier chargino masses; hence the
increase in h → γγ becomes more moderate, around 15%. To pick up different possible
patterns of gaugino-higgsino mixing (and thus chargino and neutralino couplings, and DM
and LHC phenomenology), we have selected three points in parameter space:
Model #2 : tanβ = 1, µ = M2 = 220 GeV ,
Model #3 : tanβ = 1, µ = 200 GeV, M2 = 250 GeV ,
Model #4 : tanβ = 1, µ = 250 GeV, M2 = 200 GeV .
The corresponding chargino spectrum and h→ γγ enhancement are
Model #2 : mχ±1
= 139 GeV, mχ±2
= 301 GeV, rχ± ' 1.14 ,
Model #3 : mχ±1
= 141 GeV, mχ±2
= 309 GeV, rχ± ' 1.14 ,
Model#4 : mχ±1
= 141 GeV, mχ±2
= 309 GeV, rχ± ' 1.14 .
Note that the models have been chosen so that they present similar chargino masses and
h→ γγ enhancement. The remaining characteristics are as for Model #1.
Model #5
This model is defined to be close to the maximum value of tanβ one can afford while
keeping a substantial h→ γγ enhancement (around 10%). The parameters are:
tanβ = 5, µ = M2 = 165 GeV . (3.3)
The corresponding chargino masses and h→ γγ enhancement are:
mχ±1
= 104 GeV, mχ±2
= 238 GeV, rχ± ' 1.10 . (3.4)
The fact that tanβ is moderate allows for stop masses of the usual size O(TeV) in order to
reproduce the Higgs mass. Hence, taking into account the existing LHC limits, the whole
SUSY-QCD sector can be as light as order 1–2 TeV.
4 Dark Matter bounds
The neutralino mass matrix is given by
MN =

M1 0 −mZsW cβ mZsW sβ
0 M2 mZcW cβ −mZcW sβ
−mZsW cβ mZcW cβ 0 −µ
mZsW sβ −mZcW sβ −µ 0
 ,
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so the neutralino sector of the theory is determined by the same parameters that define
the chargino sector (tanβ, M2, and µ) plus the bino mass parameter, M1. Usually, the
lightest neutralino, χ01, is the lightest supersymmetric particle (LSP) and a good candidate
to account (at least partially) for the dark matter of the universe. In consequence DM
searches are likely to put important bounds on the scenarios we have described in the
previous sections.
There are two main DM constraints to consider. First, assuming that the LSP has
been produced thermally in the early universe, one has to check that its present abundance
coincides with the DM one, Ωh2 ≈ 0.11, or at least is lower than that (in the latter case
there should be other DM species, e.g. axions). Second, direct detection experiments,
in particular XENON100, put limits on the DM-nucleon elastic cross section, given that
such processes have not been bp observed so far.5 At present, the strongest bound on the
spin-independent cross-section is 2× 10−9 pb for a DM mass of about 55 GeV.
In addition, there are further constraints on the neutralino sector. In particular, the
h → χ01χ01 process contributes to the invisible width of the Higgs, which is at present
bounded from above at roughly 20% [26–29].
Next, we analyse all these constraints in detail for Model #1. For the other repre-
sentative models the analysis and results present very similar features, so we discuss them
afterwards in a briefer fashion.
Model #1
The fact that in this model µ = M2 and tanβ = 1, see eq. (3.1), allows for the analytic
diagonalization of the neutralino mass matrix in two useful limits of M1, which is the only
relevant free parameter:
|M1|  µ = M2
mχ01 = M1 −
m2Zs
2
W
µ
+O
(
m2Zs
2
WM1
µ2
)
, mχ02 = µ−mW +
m2Zs
2
W
2µ
+O
(
m2Zs
2
WM1
µ2
)
,
mχ03 = µ , mχ04 = µ+mW +
m2Zs
2
W
2µ
+O
(
m2Zs
2
WM1
µ2
)
, (4.1)
|M1|  µ = M2
mχ01 = µ−mW −
m2Zs
2
W
2M1
+O
(
m2Zs
2
Wµ
M21
)
, mχ02 = µ , (4.2)
mχ03 = µ+mW −
m2Zs
2
W
2M1
+O
(
m2Zs
2
Wµ
M21
)
, mχ04 = M1 +
m2Zs
2
W
M1
+O
(
m2Zs
2
Wµ
M21
)
.
Although strictly speaking eqs. (4.1) and (4.2) are only valid for µ = M2 and tanβ = 1,
they also give a good hint of the neutralino spectrum in the limit of small and large M1 in
more general cases. This is illustrated by figure 5, which shows the spectrum of charginos
and neutralinos as a function of M1 for Model #1 and Model #5, which are our two extreme
cases of tanβ. They exhibit similar features. Namely for large M1, the lightest chargino,
5 See however ref. [37].
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Figure 5. Masses of neutralinos (blue) and charginos (red) as functions of M1 for Models #1 (left
panel) and #5 (right panel).
χ±1 , becomes quasi-degenerate with the lightest neutralino, χ
0
1, while for small |M1| its
mass gets close to that of the second lightest neutralino, χ02. Likewise, for M1 . −100 GeV
the LSP is not χ01 anymore, since mχ01 > mχ±1
, cf. eq. (3.2). Thus, in the following, we will
scan M1 in the −100 GeV .M1 . 800 GeV range.
Since sfermions are heavy in this scenario, they do not contribute significantly to an-
nihilation and direct-detection cross sections. These processes occur via exchange of Higgs
or Z bosons, while the annihilation rate can be additionally enhanced by coannihilation
with the light chargino. Hence, the relevant couplings are [19]:
ghχ0iχ0j
= gLhχ0iχ0j
PL + g
R
hχ0iχ
0
j
PR
=
1
2sW
(Zj2 − tan θWZj1)(− sinαZi3 − cosαZi4) + i↔ j . (4.3)
gZχ0iχ0j
= gLZχ0iχ0j
PL + g
R
Zχ0iχ
0
j
PR
=
1
2sW cW
[(Zi4Zj4 − Zi3Zj3)PL − (Zi4Zj4 − Zi3Zj3)PR] , (4.4)
where Zij is the real-valued matrix that diagonalizes the neutralino mass-matrix, ZMNZ
T =
diag(mχ01 ,mχ02 ,mχ03 ,mχ04). It is easy to check that for tanβ = 1 and µ = M2 one has
Z13 = −Z14, so that the coupling of χ01 to the Z boson vanishes (except for tiny radiative
corrections). Hence for Model #1, only the coupling of the χ01 to the Higgs is relevant.
This occurs also exactly for Model #2 and approximately for Models #3 and #4. For
Model #5, since tanβ = 5, the coupling to the Z boson becomes relevant.
We describe now the results corresponding to different regions of the free parameter,
M1. They have been obtained using the micrOmegas code [38], and are summarised in
figure 6.
• If χ01 were the unique DM component in the local halo, the LSP-nucleon cross-section,
σχ−n, would be always above the experimental upper bound given by XENON (see
figure 6, blue line). This is because the coupling of χ01 to the Higgs is always sizeable.
This is a quite general fact for all the models with very low tanβ, not just for Model
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#1 (but can be avoided for larger values of tanβ, see below). The scenario can only
be reconciled with DM observations when the relic χ01 density is sufficiently smaller
than the DM one (so the neutralino cannot be the only DM component). This is
actually the case in some ranges of M1, as we discuss next.
• M1  µ,M2. As can be seen from the left panel of figure 6 (red line), this region
leads to a suppressed contribution of the neutralinos to Ωh2, essentially because χ01
is very close in mass to χ±1 (see figure 6, right panel), and the corresponding co-
annihilation process is very efficient to decrease its relic abundance. In consequence,
the normalised σχ−n survives the constraints of direct detection. Besides, since in
this region mχ01 > mh/2, there is no contribution to the invisible width of the Higgs.
This region of the parameter space is quite broad and can be tested by the future
XENON1T, since it is not far from the experimental limit of XENON100.
• M1 ≈ µ,M2. As shown in figure 6, in this region the masses of the lightest neutralino
and the light chargino become too split to allow for an efficient co-annihilation.
Although the annihilation processes (mediated by the Higgs) are still efficient to
decrease the neutralino abundance below the DM one, the corresponding direct-
detection rate is too large and the region becomes excluded by the direct-detection
bound, even after normalising it to the DM fraction of neutralinos.
• |M1| . 100 GeV. In this region there are two windows (for positive and negative
M1) for which mχ01 ≈ mh/2, and the LSP annihilation (through the Higgs in the s-
channel) is close to the resonance. This causes the relic density to decrease abruptly,
thus normalising the direct detection bound to allowed values (see the corresponding
points in figure 6).
• |M1|  µ,M2. As shown in figure 6, this region leads to excessive relic density. This
happens, essentially, because the LSP is mostly bino and thus its annihilation is very
inefficient. In addition, since mχ01 < mh/2 the Higgs decay to LSPs is possible and,
actually, it exceeds the bound on invisible width of the Higgs [26–29].
Models #2, #3, #4, #5
As commented above, these models present similar DM features as Model #1. The re-
sults are summarised in figure 7, which are analogous to the previous figure 6. The only
remarkable differences occur for Model #5. Since the neutralino coupling to the Z boson,
eq. (4.4), increase with tanβ, for Model #5 (which has tanβ = 5) it competes with the
Higgs-neutralino coupling. As a consequence, for |M1| . 100 GeV there appears a window
at mχ01 ≈ mZ/2, where the LSP annihilation occurs through a Z in the s-channel, which
is however excluded by the invisible width of the Higgs. In addition, for negative M1, the
direct detection (spin-independent) cross section drops drastically, well below the experi-
mental limit. This is due to an accidental cancellation in the Higgsino contribution to the
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Figure 6. Left panel: WMAP and XENON bounds as a function of M1, for Model #1; red line:
DM abundance normalised to the Planck result; blue line: spin-independent direct-detection cross
section σχ−n over the experimental limit, 2×10−9 pb, before normalising by the neutralino fraction
of DM. Right panel: LSP mass as a function of M1. At each value of M1 it is shown whether the
model is allowed or excluded by experimental constraints.
neutralino-Higgs coupling.6 As a consequence, the possibility of getting the observed DM
abundance becomes now feasible, as it is clear from figure 7 (this happens for M1 ' −49.5
GeV).
5 Electroweak observables
Since we are dealing with charginos and neutralinos close to the electroweak scale, we
should consider their impact on the electroweak precision data [39]. A good estimate of
this can be done by evaluating the corrections to the oblique parameters S, T and U [40],
whose present (1σ) experimental values are [41]:
S = 0.03± 0.10 ,
T = 0.05± 0.12 ,
U = 0.03± 0.10 . (5.1)
The correlation coefficients can also be found in ref. [41]. These results are similar to those
of [42].
We have computed the supersymmetric corrections to S, T and U for the five bench-
mark models, finding that they are in all instances inside the 1σ ranges. In some cases, the
supersymmetric corrected values get even closer to the experimental values than the SM
result. This is shown in figure 8, where, following ref. [41], we have plotted the 68% and
95% CL regions in the S, T plane leaving U unconstrained. The segments are spanned by
the change in S and T for each benchmark model when M1 is varied within the scanned
6The Z exchange in the neutralino-nucleon interaction does not contribute to the spin-independent
cross-section.
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Figure 7. As figure 6 but for Models #2, #3, #4 (upper panels) and Model #5 (lower panels).
Models #2, #3, #4 have a very similar performance and have been presented in a unified way.
range, −100 GeV .M1 . 800 GeV, requiring mχ01 ≥MZ/2. The upper and lower subseg-
ments for each model correspond to the negative and positive M1 subranges respectively,
and their upper ends are always located at mχ01 = MZ/2. Notice that the SM point lies at
(S, T ) = (0, 0) since the SM contribution (evaluated at mt = 173 GeV, mh = 126 GeV) is
substracted in the definition of the oblique parameters.
6 Collider constraints and detection prospects
In this section we analyse constraints coming from recent LHC searches for the scenarios
discussed in the previous sections, as well as possible future signals. In the first subsection
we focus on a possible SUSY-EW contribution to the WW cross section measurement. In
subsequent subsections we discuss impact of di- and tri-lepton searches. Finally, we turn to
future prospects for discovery of this kind of scenarios at colliders. In all cases the relevant
processes arise from chargino and/or neutralino production, whose corresponding diagrams
are shown in figure 9.
In order to find whether our benchmark models are constrained by the published LHC
searches we simulate events using Herwig++ 2.5.2 [43, 44] and analyze them using the fast
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Figure 8. S and T parameters for benchmark Models #1(magenta), #2 (red), #3 (black), #4
(green) and #5 (orange) when M1 is varied in the range −100 GeV . M1 . 800 GeV, requiring
mχ01 ≥ MZ/2. Models #2, #3 and #4 appear greatly overlapped. For each model there are an
upper and a lower subsegment, corresponding to the negative and positive ranges of M1. The SM
prediction is the black rectangle at (0, 0). The experimental results are given by the 68% C.L. (deep
blue) and 95% C.L. (light blue) elliptical lines around the central values at the blue dot.
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Figure 9. Production and decay processes of charginos and neutralinos.
detector simulation package Delphes 2.0.3 [45]. We implement selection procedures and
cuts as described in the relevant ATLAS and CMS notes [46, 47]. This is then validated
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#1 #2 #3 #4 #5
mχ01 62.4 61.3 62.1 61.9 62.1
mχ02 125.8 151.0 155.7 148.7 114.7
mχ03 185.0 220.0 200.0 250.0 173.6
mχ04 270.7 304.7 312.2 314.4 238.8
mχ±1
104.5 139.5 140.7 140.7 104.1
mχ±2
265.5 300.5 309.3 309.3 237.6
σ(χ+1 χ
−
1 ) 2.7 0.9 0.7 1.0 2.7
σ(χ±1 χ
0
2) 2.6 1.3 1.0 1.7 3.5
χ±1 → χ01W ∗ 100% 100% 100% 100% 100%
χ02 → χ±1 W ∗ 100% 93% 81%
χ02 → χ01h∗ 7% 19%
χ02 → χ01Z(∗) 100% 100%
Table 1. Masses (in GeV), cross sections (in pb,
√
s = 8 TeV) and dominant decay branching
ratios of charginos and neutralinos in five representative models.
using cut-flows and efficiencies reported by the collaborations. The signal is scaled to the
NLO production rate using Prospino 2.1 [48].
From the previous section it is clear that there are two interesting regions to explore:
M1  µ,M2 and some windows at |M1| . 100 GeV, where mχ01 ≈ mh/2. The region
of large M1 is neither constrained by the present LHC data nor capable of giving signals
in near-future searches. The reason is the following. In that region the lightest chargino
is quite degenerate with the lightest neutralino (which is essentially a mixture of wino
and Higgsino). Consequently, the dominant production processes are χ+1 χ
−
1 (diagram (a)
of figure 9) and χ01χ
±
1 (diagram (b)). Then the leptons produced by the decay of χ
±
1
are extremely soft and escape detection. Production of χ02χ
±
1 is also possible. Then the
neutralino can decay as in diagram (c) or (d) of figure 9. In the first case the visible
signal are two opposite-sign leptons plus missing energy, which in principle contribute to
WW measurement. However, the contribution is never significant. In the second case, the
visible signal is a single lepton, which has a large SM background. On the other hand, as
commented in the previous section, this region can be tested in the future by XENON1T,
since the direct detection cross-section is not far from the present XENON100 limit, as it
is apparent from figures 6 and 7.
Consequently, we focus next on the windows at |M1| . 100 GeV. For the sake of
concreteness we analyze the windows corresponding to positive M1 and mχ01 ≈ mh/2 for the
five benchmarks (Models #1–5). The corresponding masses of charginos and neutralinos,
cross sections for pp→ χ+1 χ−1 , pp→ χ±1 χ02 at
√
s = 8 TeV, and dominant decay modes are
listed in table 1.
– 16 –
6.1 WW measurement and SUSY-EW contribution
The most accurate measurement of the WW production cross section was performed by the
ATLAS and CMS experiments in the dilepton plus missing energy channel [46, 47, 49]. Both
experiments have reported a slight, but statistically not significant, excess. It was suggested
that such an excess could have supersymmetric origin, either due to light charginos [50] or
stops [51]. It is therefore interesting to see whether the models considered in the present
study could also give a contribution in this channel.
The dilepton signal can originate from diagrams (a), (c) and (d) of figure 9. The
necessary ingredients leading to a significant contribution are a sizeable cross section and
leptons that are hard enough to pass experimental selection criteria. Since our benchmark
models are in a strong mixing regime, the couplings involved in the production process
tend to be large, which increases the cross section. In addition, the fact that the chargino
masses are not far to the LEP bound also increases the cross section. In order to provide
high pT leptons, the mass difference between charginos and neutralinos should be sizable;
in our case, close to the W boson mass. On the other hand, for diagram (c), that is typical
for Models #3 and #5 (see table 1), one of the leptons from Z(∗) decay should escape
detection in order to contribute to the dilepton final state. In contrast, for diagram (d),
which is typical for Models #1, #2 and #4, the lepton coming from the decay of the
off-shell W in neutralino χ02 is usually missing due to the small mass difference between χ
0
2
and χ±1 .
In a detailed simulation we have found that, among our benchmarks, Models #2 and
#4 give the largest contribution to the WW cross section measurement. At 8 TeV, for
the CMS analysis, they increase the total event yield by ∼ 50 events, which is about half
of the observed excess after taking into account the contribution of the Higgs bosons [47].
The contribution for the remaining models is below 20 events. It is worth noting that even
though na¨ıvely one could expect Models #3 and #4 to be very similar here, the net result
turns out to be very different. This is caused by the neutralino χ02 being slightly heavier in
the former case, resulting in a decay via an on-shell Z (see diagram (c) of figure 9) rather
than via chargino and an off-shell W (diagram (d) of figure 9), as happens for Model #4.
As can be seen in table 1, for Model #4 the mass difference mχ±1
− mχ02 is just 8 GeV,
which guarantees that the lepton is soft and would never be detected. Incidentally, this
example shows how light gauginos can evade detection due to a multitude of possible decay
chains, a fact that is usually missed by simplified models.
6.2 Trilepton final states
Trilepton searches [52] directly target SUSY-EW production at the LHC, having at the
same time low SM background. The contribution to the trilepton final state comes from
χ02χ
±
1 production and subsequent decay through diagrams (c) and (d) of figure 9. However,
as already discussed, in case (d) one lepton from χ02 decay tends to be too soft to pass
selection criteria, since χ02 and χ
±
1 are close in mass. Therefore one can expect that this
contribution will be usually suppressed. On the other hand, diagram (c) could significantly
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contribute to the trilepton final state.7
Out of the five benchmarks, Models #1 and #2, #3, #4 are not constrained by the
ATLAS search [52]. As expected, Model #3 gives a non-negligible contribution (recall that
in this case the neutralino decays as in diagram (c)), namely ∼ 30 events at 8 TeV with
20.7 fb−1, in the signal region with an on-shell Z, but still well below the 95% CL reported
by the experiment. It turns out, however, that Model #5 is excluded by this search. This
occurs because the dominant decay mode of the neutralino χ02 is via an off-shell Z boson.
The combination of a high production cross-section and favourable decay branching ratios
leads to a high event yield and, hence, to the exclusion of the model. Incidentally (and
unfortunately), the same exclusion occurs for Model #5 using M1 ' −49.5 GeV, a choice
that, as discussed at the end of section 4, led to the observed DM abundance and was
allowed by direct-detection limits. This is a general conclusion for models with negative
M1 that reproduce the correct DM abundance. As can be seen in figure 5, for M1 ' 50-
60 GeV the second neutralino and the light chargino are almost mass degenerate. Then,
due to kinematical reasons the χ02 → χ01Z(∗) decay is strongly preferred to the χ02 → χ±1 W ∗
one, hence yielding high trilepton signal rate.
6.3 Same-sign dilepton final states
Dilepton final states typically result from the production of sleptons and charginos. Con-
trary to the trilepton searches, SM backgrounds are much larger in this case and, hence,
more tight selection criteria are required [54]. One exception to this is a final state with
two same-sign leptons (SS), which has a low SM background, mostly due to fake leptons,
charge mismeasurement and diboson production. In our case, the genuine SS-leptons sig-
nal originate from the diagram (d) of figure 9.8 This decay mode of χ02 is dominant for
Models #1, #2 and #4. Indeed, Models #2 and #4 give the largest contribution here, but
still below the experimental exclusion limits. None of our benchmark models is therefore
excluded by SS dilepton searches.
6.4 Future prospects
Finally, let us discuss the future prospects of discovery of our benchmark Models #1, #2,
#3 and #4 (recall that Model #5 was excluded by trilepton searches). The cross sections
for chargino and neutralino production at the LHC with
√
s = 14 TeV are summarised in
figure 10.
If the excess in the WW cross section measurement is established with a higher sig-
nificance, its beyond-SM origin can be probed using a method described in ref. [51]. In
such a case, light charginos and neutralinos can be a good candidate to explain the ex-
cess. Its electroweakino origin could be eventually confirmed using the SS leptons search
for models similar to our benchmark scenarios #2 and #4. Based on our simulation,
about L ∼ 100 fb−1 would be required for a 5σ excess in the SS lepton signal region at
7See [53] for a detailed discussion of detection strategies for these kind of processes.
8The other possibility arises when one of the leptons in diagram (c) is missing, hence making the dilepton
search complementary to the trilepton searches.
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Figure 10. Cross-sections of chargino pair, neutralino pair and chargino+neutralino production
for the different models described in the text.
√
s = 14 TeV. On the other hand, Models #1 and #3 can be expected to show up in the
trilepton search.
In any case, a precise measurement of chargino and neutralino properties can only
be performed at a planned linear collider. These results could be confronted with other
measurements: h→ γγ, DM abundance and DM direct searches. Such a consistency check
could help to establish a new physics model and possibly direct future searches.
7 Conclusions
The observed mass of the Higgs boson, mh ' 126 GeV, has deep implications for the
MSSM: namely the stop masses (at least one of them) should be well above 1 TeV, unless
the stop mixing is close to the maximal value. This size is larger than expected from
naturalness arguments and suggests that the supersymmetric spectrum might live at scales
inaccessible to the LHC, both for the direct production/detection of the supersymmetric
states and for the measurement of indirect effects on low-energy observables, such as the
Higgs decay rates in different channels.
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However, it may well occur that a part of the supersymmetric spectrum is light enough
to show both direct and indirect measurable effects. An attractive possibility in this sense
is that charginos and neutralinos are substantially lighter than sfermions. This scenario
is supported not only by the phenomenological fact that the present bounds on charginos
and neutralinos are pretty mild, but also by some theoretical hints, such as the successful
supersymmetric unification of the gauge couplings (which requires light supersymmetric
fermions) and by the appealing possibility that the dark matter is made of neutralinos.
Besides, this framework is welcome to avoid flavour violation problems.
Among the indirect implications of the existence of light charginos and neutralinos,
probably the most remarkable ones concern the modification of the Higgs properties; in
particular there is a potentially important contribution of charginos to the decay rate
into two photons, h → γγ. This is certainly one of the most relevant Higgs observables,
although the experimental situation is not yet clear. At the moment ATLAS continues to
observe a 2σ excess over the SM prediction, while CMS has become consistent with the
SM within 1σ. Combining the two measurements gives a ∼ 20% excess. If that persists in
future with reduced uncertainty, the chargino contribution might become a very natural
way to explain it without spoiling the other decay rates. In this paper we have re-visited
this possibility, examining the implications of an chargino-driven h → γγ enhancement
for other observables, such as DM constraints, electroweak observables (namely S, T, U
parameters) and experimental signals at the LHC.
An important feature for this issue is the well-known fact that the chargino contribution
to h→ γγ increases for low tanβ, thus the depicted scenario naturally requires tanβ <∼ 5.
Interestingly, the possibility of low tanβ has received much attention in recent times,
e.g. it becomes natural when supersymmetric particles are heavy [32] and shows a rich
phenomenology [31]. Besides tanβ, the other relevant parameters are the bino and wino
masses, M1 and M2, and the µ parameter. We have explored the regions of this parameter
space able to produce a measurable enhancement in h → γγ, and investigated to which
extent they are compatible with the observed DM abundance and the latest bounds on
direct detection of DM. For the surviving scenarios we have studied the phenomenology in
colliders using 5 representative benchmark models.
The most important constraints and chances of future detection come from chargino-
neutralino (χ02χ
±
1 ) and chargino-chargino (χ
+
1 χ
−
1 ) production. The cross sections are typi-
cally rather high, thanks partially to the low masses but also to the fact that the models
are in a strong-mixing regime. Such production gives potential signals for a number of
processes: WW measurement (i.e. two leptons + missing energy), trilepton final states,
same-sign dilepton final states. Indeed, some models give a substantial contribution to the
WW measurement, which could be responsible (at least partially) for the moderate excess
observed over the SM prediction. On the other hand, one model becomes excluded by
the recent ATLAS trilepton search. However, the other models survive easily, in spite of
having quite light charginos. Actually, these examples show how light gauginos can evade
detection due to a multitude of possible decay chains, which is usually missed by simplified
models. Concerning future detection, we have shown that all benchmarks could be detected
at L ∼ 100fb−1 and √s = 14 TeV, or (for regions with large M1) by XENON1T or similar
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experiments of direct DM detection.
In conclusion, models with charginos and neutralinos much lighter than sfermions are
interesting both from theoretical and experimental perspectives. If charginos are respon-
sible for the possible h → γγ excess, this strongly determines the theoretical framework
(which requires low to moderate tanβ and light charginos), and the available signals at the
LHC and in experiments of direct detection of DM.
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